The characteristics of the hyperpolarization response to acetylcholine (ACh) in endothelial cells from the guinea pig coronary artery were studied by microelectrode recording technique. ACh (30 nM to 3 ,uM) induced membrane hyperpolarization in a dose-dependent manner. The sustenance of the response required the presence of external calcium. The hyperpolarization was not affected by nifedipine (1 ,uM) but was inhibited by the potassium channel blockers charybdotoxin (10 nM), tetraethylammonium (1 mM), and 4-aminopyridine (0.5 mM).
T he relaxation response to acetylcholine (ACh) in vascular tissues is dependent on the presence of an endothelium. In many cases, the relaxation can be attributed to the release of an endothelium-derived relaxing factor (EDRF).' It is now generally acknowledged that nitric oxide (NO) or a nitrosothiol compound is the EDRF and L-arginine is the precursor.2 The heme moiety of soluble guanylate cyclase is the NO receptor, and vasorelaxation is associated with an increase in the cGMP level.2
Another endothelium-dependent response to ACh in vascular smooth muscle cells is membrane hyperpolarization. 3 The cellular mechanism mediating endothelium-dependent hyperpolarization is distinct from that of EDRF/NO.3 For example, vasorelaxation and production of cGMP induced by EDRF/NO are inhibited by methylene blue and hemoglobin.2 However, the hyperpolarization in re-sponse to ACh is not affected by these same agents. 4 The release of a separate endothelium-derived hyperpolarizing factor has been proposed. 3, 5 In aortic endothelial cells, ACh also induces membrane hyperpolarization by activating calciumdependent potassium channels.6,7 The physiological role of the endothelial hyperpolarization response remains to be clarified. However, it is known that similar electrical activities have important regulatory functions in secretory cells. 8 The endothelial cells are also coupled to vascular smooth muscle cells via gap junctions.9"10 The membrane hyperpolarization response in the endothelium could therefore influence the activity of vascular smooth muscle cells directly. The electrical response of the endothelial cells to ACh has not been fully described. In the present study, we examined the characteristics of the ACh-induced hyperpolarization by an intracellular recording technique.
Materials and Methods
The circumflex coronary artery was dissected out from male guinea pigs weighing 300-400 g (Charles River Laboratories, Inc., Wilmington, Mass. All data were presented as mean+ SEM; n denotes the number of preparations. Analysis of variance was performed to test the statistical significance in the change in response to various treatments. A value of psO.05 was the specified level of significance.
Results

Calcium Dependence ofACh Response
The endothelial cells were electrically quiescent and had an average resting membrane potential of -44.7±0.24 mV (n=39 preparations). ACh (30 nM to 3 gM) induced prolonged membrane hyperpolarization, and in the continual presence of ACh, the membrane repolarized slowly with time ( Figure 1A ). The prolonged hyperpolarization was dependent on the presence of external calcium. In nominally calcium-free solutions, ACh elicited only a transient hyperpolarization of decreased magnitude ( Figure  1B ). The transient hyperpolarization diminished in amplitude with each subsequent dose of ACh until it was totally abolished by the seventh to eighth application ( Figures 1C and 1D ). In calcium-free solutions, a small sustained depolarization response (2.3±0.2 mV, n=6) was unmasked after the initial transient hyperpolarization ( Figures 1C and 1D ).
The resting membrane potential of the endothelial cells was significantly depolarized in calcium-free solution from -45.0±0.4 mV to -33.5±0.5 mV (n=7). Washing out of the ACh in calcium-free solution with normal calcium solution induced a large transient hyperpolarization followed by repolarization of the resting membrane potential ( Figure 1D ).
Membrane hyperpolarization to ACh is dose dependent. A small response could usually be detected at -30 nM, reaching to a maximum hyperpolarization of 32.5±0.7 mV (n=39 preparations) at 3 ,uM ACh ( Figure 2 ). In calcium-free solution, the hyperpolarization response to cumulative doses of ACh was virtually abolished (Figure 2A ). The hyperpolarization response to ACh was not related to calcium influx through classical voltage-dependent calcium channels. Nifedipine (1 gM) had no significant effects on the resting membrane potential (control, -44.0±0.24 mV; nifedipine, -43.7± 1.8 mV; n=5) or the ACh response ( Figure 2B ).
Effects of Potassium Channel Blockers
The effects of the potassium channel blockers CTX, apamin, 4-AP, glibenclamide, and TEA on the hyperpolarization response to ACh were examined. CTX, known to block the large-and medium-conductance calcium-activated potassium channels," caused a dose-dependent depolarization of the resting membrane potential (control, -42.8±0.7 mV; 10 nM CTX, -39.3±1.8 mV [p=NS] ; 50 nM CTX, -37.2±2.0 mV [p<0.05]; n=5). It also caused a dose-dependent inhibition of the ACh-induced hyperpolarization ( Figure 3A) . The ACh-induced hyperpolarization was also inhibited by TEA at a relatively low concentration of 1 mM ( Figure 3B) . Figure 3C ). 4-AP in millimolar concentration blocks the delayed rectifier potassium channels11,12 and the transient A-type potassium channels. 13 Apamin (1 ,uM), a toxin selective for the smallconductance calcium-activated potassium channels,14 had no significant effects on the resting membrane potential (control, -45.2±0.9 mV; apamin, -43.2±1.4 mV; n=5) or the ACh response ( Figure  4A ). Similarly, glibenclamide (10 ,uM), a specific blocker of the ATP-sensitive potassium channel,15 did not alter the resting membrane potential (control, -44.5+0.6 mV; glibenclamide, -42.0±0.8 mV; n=4) or the ACh response ( Figure 4B ).
Effects of L-Arginine Analogues
The hyperpolarization response to ACh was tested in the presence of the EDRF/NO synthesis blockers L-NARG16 and L-NMMA.17 At concentrations known to inhibit EDRF/NO-mediated vasorelaxation, L-NARG (50 ,uM) had no significant effect on the resting membrane potential of endothelial cells (Table 1) . It also had no significant effects on the ACh-induced membrane hyperpolarization ( Figure  5A ). Similarly, neither the resting membrane potential (Table 1) nor the ACh response ( Figure 5B) 
Effects of Ouabain and Indomethacin
The possible participation of the electrogenic Na-K pump in the hyperpolarization response to ACh was tested by adding ouabain (10 ,uM) to the perfusing solution. Ouabain caused a small but significant depolarization of the resting membrane potential by 5 mV (Table 1 ). However, ouabain had no significant effect on the ACh-induced hyperpolarization ( Figure 5C ). The participation of products of the cyclooxygenase pathway in the hyperpolarization response to ACh was also ruled out by the lack of effect with indomethacin (10 ,uM) ( Figure 5D ). Indomethacin also had no significant effect on the resting membrane potential (Table 1) .
Discussion
ACh induces an endothelium-dependent vasodilatory response in intact vascular preparations. However, there are indications that the ability to respond to muscarinic stimulation may be lost in some cultured endothelial cells.19 '20 In the present study, we used a freshly isolated intact endothelium preparation for the study of ACh response. In these endo- tential in vascular smooth muscle cells,18 did not cause any change in the membrane potential. Therefore, the ACh-induced hyperpolarization was not mediated by an EDRF/NO-like substance or cGMP.
